INTRODUCTION
A power transformer is an essential element in any power transmission system. It affects the reliability of the power system, and the failure of a transformer can cause larger incidents with wide-ranging consequences. Many of power transformers in the power transmission system of Latvia have already been in service for 26-40 years [1] ; similar situation also is in the USA, Poland and elsewhere in Europe [2] [3] [4] . Therefore, it is important to ensure safe operation of power transformers and to detect the incipient faults as early as possible, because when the age of the power transformer increases so does the probability of failure [5] . The market now offers plenty of sensors, on-line continuous monitoring systems, analysis algorithms and software systems for evaluation of condition; however, there is no common practice on how to convert a large amount of data into useful and relevant information [6] . This principle also applies to detecting the incipient fault of a power transformer -operation and maintenance data is accumulated yet a suitable approach has to be selected for interpretation.
Dissolved gas analysis (DGA) is one of the most widely used methods for the periodic assessment of technical condition of oil-filled power transformers, and DGA is also included in the majority of on-line condition monitoring systems [7] . It should be noted that the accuracy of the conclusion about technical condition of a power transformer depends on the used DGA data interpretation method.
There are many methods for the evaluation of DGA data, and the resulting conclusion about technical condition of the power transformer may differ significantly with each method. The widely used classic methods -Rogers method, IEC method, Duval triangle method -mostly are not applicable for the detection of the incipient fault of a power transformer, because the obtained combination of fault gas ratios can indicate one of the fault types (e.g. partial discharge, discharge, thermal fault) for normal operation if the dissolved gas concentration level (in ppm) is low [7] .
The objective of this paper is to determine the most suitable approach to detect the incipient fault of a power transformer. In this paper, DGA data of 48 oil-filled power transformers were analysed. These transformers are with the rated voltage of 110/20 kV and all of them have an active on-load tap-changer. The rated power of these transformers is within the range from 6.3 MVA to 40 MVA. The DGA data has been provided by the Latvian Transmission System Operator (Augstsprieguma tīkls, JSC), and the data is from periodic tests, not from the transformer on-line condition monitoring system. For analysis one DGA data sample is used; however, if additional assessment is required 2 DGA measurements are analysed for a particular transformer. Since all transformers are approximately equally loaded, then the load is not used as a criterion for DGA data interpretation.
STANDARD METHODS FOR INCIPIENT FAULT DETECTION
Given that each country has a different size of the power transmission system, different number of consumers, construction and age of installed power transformers, climate and other factors affecting transformer operating conditions that can influence the generation of dissolved gases in transformer oil, each country has adopted different fault gas concentration limits in their power systems [8] .
The technical condition assessment of power transformers in Latvia is regulated by national standard LEK 118 "Transformer Oil Inspection Standards" issued by the Latvian Electrotechnical Committee in which the limits of fault gas concentration are divided into 3 levels ( Table 1) . Detection of existing fault * the values given in numerator are applicable for transformers with nitrogen gas blanket, and in denominator for transformers with free breathing ** the values given in numerator are applicable for transformers up to 10 years old, and in denominator for transformers older than 10 years; the values in brackets are applicable for transformers with nitrogen gas blanket
The methodology of LEK 118 states that the interpretation of DGA data is carried out by evaluating the concentrations of dissolved gases in oil and with the Key Gas method, gas ratio methods and Duval triangle method [9] .
In the framework of this research DGA data of 48 oil-filled power transformers has been interpreted by using the dissolved individual gas in oil concentration limits stated in LEK 118. The results are shown in Fig. 1 , where C1 corresponds to normal operation of the transformer, C2 is detection of the incipient fault, and C3 is detection of the existing fault. The results indicate that only for 10 of 48 transformers the condition is indexed as normal operation, while other transformers were identified either with an incipient or existing fault. The obtained results conflict with real maintenance situation since additional tests or repair works were not appointed based on DGA measurement results.
in standard IEEE C57.104 2008 "Guide for the Interpretation of Gases Generated in Oil Immersed Transformers" [10] . In IEEE C57.104, 4 levels are defined: Level 1 indicates normal operation of the transformer, Level 2 is detection of the incipient fault, Level 3 indicates increased suspicion of the incipient fault, and Level 4 is detection of the existing fault. The methodology of IEEE C57.104 states that the interpretation of DGA data is carried out gradually, and the first step is determining the value of TDCG, followed by analysis of individual fault gas concentrations. Any individual fault gas exceeding Level 1 should prompt additional investigation by the Key Gas method, gas ratio methods or determination of TDCG generation rate.
PROPOSED APPROACH FOR THE EVALUATION OF DGA DATA
In the framework of this research TDCG was proposed as an additional evaluation parameter to improve reliability of the existing DGA data interpretation approach recommended in national standard LEK 118. It has to be noted that TDCG values recommended in LEK 118 are significantly lower than the sum of combustible gases in each level (Table 1) , while in standard IEEE C57.104, TDCG values slightly exceed the sum of combustible gases in each level.
The limits of TDCG values shown in Table 2 and used for DGA data analysis of 48 oil-filled power transformers are obtained by following IEEE guidelines. The results of data interpretation are shown in Fig. 2 and indicate that for 42 of 48 transformers operation is indexed as normal, which better complies with maintenance data. However, in many cases at least one of fault gases exceeds concentrations of Level 1, which implies that further analysis is required. The trend of total dissolved combustible gas (TDCG) generation rate and acetylene C 2 H 2 concentration are proposed as criteria for this additional evaluation. The total dissolved combustible gas (TDCG) concentrations for each level are listed in LEK 118 (Table 1) , but these concentrations are not used in the current DGA interpretation method. Since the results indicate that alterations in the current interpretation method are necessary, TDCG was included as an additional evaluation parameter.
TDCG is the sum of total dissolved combustible gases in transformer oil -hydrogen H 2 , methane CH 4 , ethane C 2 H 6 , ethylene C 2 H 4 , acetylene C 2 H 2 and carbon monoxide CO, except carbon dioxide CO 2 , because it is not combustible gas. The amount of TDCG may indicate the existence of combination of thermal and/or electrical faults or any singular fault.
The application of TDCG as a parameter for the evaluation of transformer condition is described Fault gases may generate in greater amounts during normal operation in transformers with an on-load tap-changer (OLTC) than in transformers without it, because contacts of OLTC heat up during operation resulting in discharges in transformer oil. Acetylene concentration for Level 1 is only 1 ppm (see Table 1 ), so it has been observed that acetylene concentration in transformers with OLTC usually exceeds this value, indicating an incipient fault although the operation of the unit is normal. To exclude the possibility of false alarm, additional acetylene control is proposed in this paper. A flowchart for the proposed approach for the evaluation of DGA data is shown in Fig. 3 .
The first step of the proposed algorithm (see Fig. 3 ) is indexing transformer condition based on the value of TDCG -either it is Condition 1 (C1), Condition 2 (C2) or Condition 3 (C3). The second step is the evaluation of individual fault gases in transformer oil, and transformer condition is defined more accurately -either it is Condition 1 (C1*), Condition 2 (C2*) or Condition 3 (C3*). In cases when Cn and Cn* do not match, the third step of the proposed approach is applied, which is additional evaluation by the trend of total dissolved combustible gas (TDCG) generation rate and acetylene C 2 H 2 concentration, and transformer condition obtains either Condition 1 (C1**), Condition 2 (C2**) or Condition 3 (C3**).
VERIFICATION OF THE PROPOSED APPROACH
To determine the most suitable approach for the detection of the incipient fault of a power transformer, case studies are provided, which include analysis of DGA data of 48 power transformers installed in the transmission network in Latvia. Case study A represents the results of DGA data interpretation with the approach proposed in Fig. 3 and TDCG concentrations recommended in LEK 118; case study B represents the results of DGA data interpretation with the proposed approach, however TDCG concentrations recommended in LEK 118 are adjusted; case study C represents the results of DGA data interpretation with the proposed approach and TDCG concentrations obtained by following IEEE guidelines.
CASE STUDY A
At the first case study, DGA data of 48 power transformers were interpreted by using the proposed approach of DGA data evaluation (Fig. 3) with the TDCG values and individual fault gas concentrations recommended in standard LEK 118 (Table 1) . Figure 4 represents the analysis of obtained results, respectively the variance of the number of transformers with detected conditions in each Figure 4 shows that after the first step, the number of transformers with normal operation (C1) is 8 units, but faults are detected (condition C3) for 14 units which corresponds with the results provided in Fig. 2 .
After initial analysis of individual fault gases in the second step of the proposed algorithm it was found that for 5 of 8 transformers in condition group C1 further analysis is required since the level for individual fault gas was either L2 or L3 (see Table 1 ). The third step of the proposed algorithm evaluation of TDCG trend and the value of acetylene did confirm a possible incipient fault only for 1 transformer. Following the same principle, results for condition groups C2 and C3 were obtained.
As a result, the number of transformers that had been diagnosed with the existing fault (C3) decreased by 10 units with the proposed approach of DGA data evaluation compared to the results obtained by analysis of DGA data only with individual fault gases recommended in standard LEK 118 (Fig. 1) . The number of transformers that have normal operation increased by 4 units, but there are still a number of transformers which are detected with the incipient fault.
CASE STUDY B
Another case study involves analysis of the same DGA data with the proposed approach (Fig. 3) ; however, in this case TDCG values were adjusted. It was proposed to obtain TDCG values by adding up lower concentrations of the interval specified in Table 1 of individual combustible fault gases. Proposed values are given in Table 3 . The results obtained in each step of the proposed approach are presented in Fig. 5 ; the results were analysed by the same principle as in the chapter above. The number of transformers that were detected with normal operation (C1) is the same because the TDCG concentration of Level 1 was not changed. However, the number of transformers that were detected with the incipient fault (C2) in the first step increased by 8 units, because the upper value of TDCG Level 2 concentration was increased.
It can be observed that after completing the last two steps of proposed DGA data evaluation approach, the number of transformers in each group is the same as in case study A. But the use of adjusted TDCG concentration allowed decreasing the number of transformers that must be additionally evaluated in the third step.
CASE STUDY C
The last case study involves analysis of the same DGA data with the proposed approach (Fig. 3) , but the TDCG values used in this case study are given in Table 2 . These values are obtained by adding up the upper concentrations of the interval specified in Table 1 of individual combustible fault gases. The obtained results in each step of the proposed approach are presented in Fig. 6 . It can be observed that in the first step of analysis the majority of transformers are indexed with normal operation (C1) which is completely opposite if compared to case study A and case study B. But after the evaluation of DGA data in the second and the third step of the proposed approach, the number of transformers in this condition group C1 decreased by nearly 40%.
ANALYSIS OF THE RESULTS
The results obtained are compared with the results if the method recommended in the national standard is used (see Fig. 7 ). It can be observed that in case study A and case study B there are many transformers that were detected with the incipient fault. This can be explained by low concentrations of fault gases recommended in standard LEK 118. The proposed TDCG concentration values in case study C allowed to reduce the number of transformers that were diagnosed with the existing fault (C3) if compared with the obtained results with the current method recommended in standard LEK 118. But it was observed that the approach used in case study C is not so effective, because the number of transformers that must be additionally evaluated in the second and third step of the proposed approach for the evaluation of DGA data increased. Furthermore, by using the proposed TDCG concentrations in case study C, it is easier to miss the transformers that could have the incipient fault compared to the adjusted concentrations in case study B.
CONCLUSIONS
The approach for the evaluation of DGA data based on the Key Gas method that is recommended in national standard LEK 118 is not Fig. 6 . Results of DGA data evaluation in case study C Fig. 7 . Results of DGA data evaluation with different approaches efficient for the detection of the incipient fault in a power transformer. A different multi-step approach based on ideas of standard IEEE C57.104 is proposed, where the first step is the evaluation of TDCG value, followed by the evaluation of individual fault gases in the second step and additional analysis of acetylene concentration and trend of TDCG generation rate in the final step. The proposed approach allowed decreasing the number of transformers that were mistakenly diagnosed with the existing fault, although their operation was normal.
It is proposed to adjust the upper value of TDCG concentration from 315 ppm to 500 ppm for Level 2 since it resulted in a reduced number of transformers that must be additionally evaluated by the proposed approach without changing the proportion of units in each condition.
The proposed values of TDCG concentration used in case study C require further research because they provide a significantly higher number of transformers with normal operation (C1). 
